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In the present paper we make a thorough analysis of a lassial spin system, within the framework
of Tsallis nonextensive statistis. From the analysis of the generalized Gibbs free energy, within the
mean-eld approximation, a para-ferromagneti phase diagram, whih exhibits rst and seond
order phase transitions, is built. The features of the generalized, and lassial, magneti moment
are mainly determined by the values of q, the non-extensive parameter. The model is suessfully
applied to the ase of La0.60Y0.07Ca0.33MnO3 manganite. The temperature and magneti eld
dependene of the experimental magnetization on this manganite are faithfully reprodued. The
agreement between rather "exoti" magneti properties of manganites and the preditions of the
q-statistis, omes to support our early laim that these materials are magnetially nonextensive
objets.
PACS numbers:
I. INTRODUCTION
In the literature of manganites, various models have
appeared as dierent attempts to reprodue the eletri
and magneti properties of these systems. Krivoruhko
et al.
1
, Nunez-Regueiro et al.
2
and Dionne
3
are in-
teresting examples of multiparameter models, but
whih failed to ahieve full agreement to experimental
data. Ravindranath et al.
4
ompare resistivity data in
La0.6Y0.1Ca0.3MnO3 to dierent two-parameter models,
whih do not agree to eah other in the low-temperature
range. Other interesting attempts an be found in the
work of Rivas et al.
5
, Hueso et al.
6
, Heremans et al.
7
, Pal
et al.
8
, Philip et al.
9
, Szewzyk et al.
10
, Viret et al.
11
and
Tkahuk et al.
12
. None of these obtained plain agreement
between experiment and theory, irrespet their number
of adjusting parameters and approah.
On another hand, Tsallis generalized
statistis
13,14,15,16
, has been suessfully applied to
an impressive number of areas
17
. The formalism rests
on the denition of generalized entropy
13
:
Sq = k
1−∑i pqi
q − 1 (1)
where q is the entropi index, pi are probabilities satis-
fying
∑
i pi = 1 and k is a positive onstant. The above
formula onverges to the usual Maxwell-Boltzmann def-
inition of entropy, and to the usual derived thermody-
nami funtions, in the limit q → 113,14,15,16,17.
In what onerns Condensed Matter problems, appli-
ations of Eq.1 inlude: Ising ferromagnets
18,19,20,21,22
,
moleular eld approximation
23,24,25
, perolation
problems
26
, Landau diamagnetism
27,28
, eletron-phonon
systems and tight-binding-like Hamiltonians
29,30,31
,
metalli
32
and superondutor
33
systems, et. The rst
evidenes that the magneti properties of manganites
ould be desribed within the framework of Tsallis
statistis were presented by Reis et al.
34
, followed by an
analysis
35
of the unusual paramagneti suseptibility of
La0.67Ca0.33MnO3, measured by Amaral et al.
36
.
Maximization of Eq.1 subjeted to the onstraint of
the normalized q-expetation value of the Hamiltonian
Hˆ14,15:
Uq =
Tr{Hˆρˆq}
Tr{ρˆq} (2)
and the usual normalization of the density matrix
Tr{ρˆ} = 1, yields the following expression for the density
matrix ρˆ:
ρˆ =
1
Zq
[1− (1− q)β˜(Hˆ − Uq)]1/(1−q) (3)
where
Zq = Tr[1− (1 − q)β˜(Hˆ − Uq)]1/(1−q) (4)
is the partition funtion and β˜ = β/Tr{ρˆq}. Here, β is
the Lagrange parameter assoiated to the internal energy.
The magnetization of a speimen is, aordingly, given
by
14,15,16,34,35
:
Mq =
Tr{µˆρˆq}
Tr{ρˆq} (5)
where µˆ is the magneti moment operator.
2However, Eq.3 an be written in a more onvenient
form
14,15,34,35
in terms of β∗, dened as β∗ = β˜/[1 +
(1 − q)β˜Uq]. In partiular, to analyze the physial sys-
tem desribed here, the quantity 1/(kβ∗) will repre-
sent the physial temperature sale, as in referenes
34,35
.
Disussion about the onept of temperature and La-
grange parameters in Tsallis statistis an be found in
the literature
14,15,34,35,37,38,39
. In the present work, the
q parameter is restrited to the interval 0 ≤ q ≤ 1, pre-
serving the entropy onavity
35,40
.
In this paper we pursue the idea, based on novel ex-
perimental and theoretial results, that manganites are
magnetially non-extensive objets. This property ap-
pears in systems where long-range interations and/or
fratality exist, and suh features have been invoked in
reent models of manganites, as well as in the interpreta-
tion of experimental results. They appear, for instane,
in the work of Dagotto and o-workers
41
, who empha-
size the role of the ompetition between dierent phases
to the physial properties of these materials. Various
authors have onsidered the formation of miro-lusters
of ompeting phases, with fratal shapes, randomly dis-
tributed in the material
42,43
, and the role of long-range
interations to phase segregation
44,45
. Important exper-
imental results in this diretion have also been reported
by Marithew et al.
46
, and Fiebig et al.
47
. Partiularly
insightful is the work of Satou and Yamanada
48
, who
derived a Cantor spetra for the double-exhange hamil-
tonian, basis of theoretial models of manganites.
A major diulty with Tsallis formulation onerns
the physial meaning of the entropi parameter q. In this
diretion, Bek and Cohen
49
have reently shown that
the value of q gives a diret measure of the internal dis-
tribution of temperatures in an inhomogeneous system.
Although their results are not diretly applied to mag-
neti systems, it has been known for some time that man-
ganites are magnetially inhomogeneous systems (see, for
instane, Ref.
41,50
and referenes therein), and this fat
has been explored very reently by Salamon et al.
51
, who
applied the idea of distribution of the inverse susepti-
bility (whih turns out to be equivalent to a distribu-
tion of temperatures), to the analysis of the magneti
suseptibility and the eetive paramagneti moment of
La0.7Ca0.3MnO3.
In what follows, we present a magneti model for las-
sial spins (luster), using for that, the Tsallis generalized
statisti. In the model, we onsider that non-extensivity
exists in the intra-luster interation, whereas the inter-
luster interation remains extensive. This is important
to maintain the total magnetization proportional to the
number of lusters. Following, the Gibbs free energy is
analyzed, within the mean-eld approximation, and a se-
ries of interesting magneti features appears, as a on-
sequene of the intra-luster non-extensivity. Finally, a
onnetion between the model proposed here and the ex-
perimental data obtained from magneti measurements
performed on manganites support our thesis that these
objets are magnetially non-extensive.
II. CLASSICAL MODEL
Consider a lassial spin ~µ submitted to a homogeneous
magneti eld
~H. The hamiltonian H is given by
H = −µH cos θ (6)
where θ is the angle between ~µ and ~H . Following the
usual Tsallis formalism
14,15,16,34,35
, the magnetization
Mq an be determined from Eq.5, yielding:
Mq
µ
= Lq (x) = 1
(2− q)
{
1− 1x , x > 11−q
cothq(x) − 1x , x < 11−q
(7)
where x = µH/kT , and cothq is the generalized q-
hyperboli o-tangent
52
. The above two branhes fun-
tion results from the Tsallis ut-o
15,16,53,54
. It is inter-
esting to note the similarity between the above result and
the traditional Langevin funtion. In what follows, Eq.7
will be alled Generalized Langevin Funtion, and this
result an also be derived from the Generalized Brillouin
Funtion, introdued in Ref.
35
, taking the limit of large
spin values (S → ∞). The result derived above is valid
only for 0≤ q ≤1.
The generalized magneti suseptibility χq shows the
usual dependene on the inverse of the absolute temper-
ature
χq = lim
H→0
[
∂Mq
∂H
]
=
qµ2
3kT
= qχ
1
(8)
and is proportional to the usual paramagneti Langevin
suseptibility χ
1
. A similar result was dedued for the
generalized Brillouin funtion
35
.
III. MEAN-FIELD APPROXIMATION
A. Gibbs Free Energy
The Gibbs free energy is, within the mean eld approx-
imation,
G =
kT
µ
∫ Mq
0
M−1q (M′q)dM′q −HMq −
λ
2
M2q (9)
where the rst term is the entropy, withM−1q the inverse
funtion of the generalized Langevin funtion (Eq.7); the
seond is the Zeeman term; and the third, the exhange
energy, with λ as the mean eld parameter. The equilib-
rium magnetization an be found from the minimization
of the Gibbs free energy and, depending on the q value,
rst or seond order transition features emerge. At zero
magneti eld and for q>0.5 the free energy presents, at
any temperature, only one minimum, for positive values
of magnetization. Correspondingly, a seond order para-
ferromagneti phase transition ours at T
(q)
c = qT
(1)
c , as
skethed in gure 1(a). Here, T
(1)
c = µ2λ/3k is the Curie
3temperature for the standard Langevin model. From now
on, we introdue the dimensionless temperature and eld
parameters t = T/T
(1)
c and h = µH/kT
(1)
c .
For q≤0.5 the nature of the phase transition is more
omplex, presenting a typial behavior of rst order
phase transition
55
. As it is illustrated in gure 1(b),
for suiently high temperatures (t > tSH), only one
minimum at Mq = 0 is observed. Dereasing temper-
ature, at t = tSH , a seond minimum appears with -
nite magnetization and further lowering temperature to
t = tc, this minimum beomes degenerate, orresponding
to Mq = 0. For t < tc the free energy global minimum
ours for nite magnetization, determining its equilib-
rium value. However, this equilibrium state is not nees-
sarily the one observed in nite times, sine there is an
energy barrier between the two minima, whih prevent
the whole system to reah the global minimum of energy.
The minimum temperature that an sustain zero mag-
netization is the one orresponding to t = tSC , where
the energy barrier goes to zero and only one minimum
exists at nite magnetization. In a similar way, tSH or-
responds to the maximum temperature that an sustain
a nite magnetization. These phenomena are the well-
known `superheating' and `superooling' yles and are
responsible for the thermal hysteresis normally observed
in rst order phase transitions
55
. The tSH and tSC tem-
peratures an be analytially derived from the onditions
desribed above, and are valid only for q ≤0.5, yielding:
tSH =
3
4
1
(2− q) (10)
tSC = q (11)
On the ontrary, a losed expression for tc annot be
derived, sine it involves transendental equations. The
temperature dependene of the redued equilibrium mag-
netization Mq(2 − q)/µ is sensitive to the features de-
sribed above, as it an be seen in gure 2 and inset
therein.
B. Magneti Suseptibility
The generalized magneti suseptibiliy χq, for any q
value, an be derived from Eq.9,
χq =
C(q)
t− θ(q)p
(12)
where, in analogy with the usual Curie-Weiss law, we
dene
C(q) =
µ
kT
(1)
C

 ∂M−1q
∂Mq
∣∣∣∣∣
Mq(H=0,T )


−1
(13)
as the Generalized Curie Funtion. In the paramagneti
phase, t ≥ tc, M(H = 0, T ) = 0 and the funtions C(q)
and θ
(q)
p = λC(q) are onstants:
C(q) =
q
λ
(14)
θ(q)p = q (15)
The temperature dependene of χq, and its inverse, are
quite distint, depending whether q < 0.5 or q > 0.5, as
displayed in gure 3(a) and (b), respetively. For q > 0.5
the suseptibility diverges at tc, the same temperature
where its inverse interepts the temperature axis at θ
(q)
p .
For q < 0.5 the suseptibility is always nite and peaks
disontinuously at tc. Correspondingly, its inverse shows
a disontinuity with nite values and the Curie-Weiss
linear behavior extrapolates to θ
(q)
p , whih is lower than
tc.
C. Inuene of Magneti Field on the Phase
Transition
From the analysis of the Gibbs free energy, we onlude
that for q < 0.5 and h = 0, the equilibrium magnetiza-
tion has a rst order phase transition. Suiently high
magneti eld h ≥ h0q, is able to remove the energy bar-
rier between the two minima in the Gibbs free energy
and, onsequently, the disontinuity in the equilibrium
magnetization urve. This eet is illustrated in gure 4.
The expression for h0q an be derived from the ondition
desribed above, yielding:
h0q =
3(1− 2q)
2− q (16)
The quantity h/Mq is partiularly important from the
experimental point of view, and is skethed in gure 5,
for q<0.5 and h = 3h0q.
Another interesting point of this model, for q < 0.5,
is the existene of a ferromagneti phase transition in-
dued by the magneti eld, in the paramagneti phase.
In fat, suiently lose to tc, the two minima have sim-
ilar free energy values and, onsequently, the magneti
eld energy plays a deisive role, being able to swith be-
tween the low and high magnetization values, induing
the rst order phase transition. However, for suiently
high temperatures t ≥ t0q, only one minimum exists for
any value of magneti eld, and the phase transition be-
omes of seond order harater. This eet is illustrated
in gure 6. The temperature t0q, whih determines the
ontinuous or disontinuous nature of the magnetization
versus eld urve is given by:
t0q =
3(1− q)2
2− q (17)
4Above t0q, the magnetization as a funtion of magneti
eld urves are ontinuous, presenting, however, a har-
ateristi hange of slope at suh magneti eld hc, whih
varies linearly with temperature, and is given by
hc = α(t− t′) (18)
where
t′ =
3q(1− q)
(2 − q) (19)
and
α =
1
1− q (20)
D. Magneti Phase Diagrams
At this point it is onvenient to summarize the main
properties found so far: the behavior of the generalized
magnetization and the generalized magneti suseptibil-
ity with temperature and eld depend greatly on the val-
ues assumed for the entropi parameter q. It an be the
usual seond order para-ferromagneti phase transition
but it an beome rst order, exhibiting the properties
normally assoiated to this type of transitions.
Figure 7(a) presents the t−q phase diagram for several
h values. The solid lines divide the plane in ferro (be-
low) and paramagneti (above) regions. For h = 0 and
q > 0.5 the para-ferromagneti phase transition is always
seond order, whereas for q < 0.5 the transition beomes
rst order. The dotted lines limit the stability regions
of the fully ordered and disordered phases. In this way,
the shaded area between suh dotted lines represents the
ferro-paramagneti phase oexistene, whih an exist for
temperatures in the interval tSC(q) ≤ t ≤ tSH(q).
Stritly, in the presene of the magneti eld h the
ferro-paramagneti phase transition does not exist for
any temperature, sineMq is always dierent from zero.
In any ase, for q < 0.5, if the magneti eld is not too
high, the Gibbs free energy presents two minima lose
to tc and we an always distinguish two phases, one with
small magnetizationMsmallq and other with large magne-
tization Mlargeq . If the magneti eld is suiently high
h ≥ h0q, the energy barrier disappears and the transition
beomes ontinuous. However, in this ase, the transi-
tion ours with a harateristi slope hange in magne-
tization versus temperature urves, whih does not our
for q > 0.5. For q < 0.5 and up to a ritial applied
magneti eld, the phase transition ours disontinu-
ously, with the shaded areas orresponding to the values
of temperature and q where phase oexistene ours.
The magnitude of the disontinuity ∆Mq dereases with
inreasing eld, disappearing for h ≥ h0q (Eq.16), above
whih the transition is always seond order (see gure
4). The dashed line uts the transition lines at the point
(q0h, t0h), whih divides eah line into a rst and seond
order region. As the magneti eld inreases, this points
travels in the dashed urve aording to the parametri
equations:
q0h =
3− 2h
6− h (21)
t0h =
1
3
(3 + h)2
6− h (22)
In an analogous way, gure 7(b) presents the projetion
of the phase diagram in the h−q plane for several temper-
atures t > tc. Eah line divides the plane in the ferromag-
neti region (above the urve) and in the paramagneti
region (below the urve). For q < 0.5 and suiently
lose to tc, a eld indued phase transition ours dis-
ontinuously, with the dashed areas orresponding to the
regions of phase oexistene. The magnitude of the dis-
ontinuity ∆Mq dereases with inreasing temperature,
disappearing for t ≥ t0q (Eq.17), above whih the transi-
tion is always seond order (see gure 6). The dashed line
uts the transition urves at the point (q0t, h0t), whih
similarly as in the previous diagram, divides the urves
in regions of rst and seond order phase transition. As
the temperature inreases, the point moves up along the
urve aording to the parametri equations given below,
with orresponding inrease of the seond order region:
q0t =
6− t−√t2 + 12t
6
(23)
h0t =
6(t− 3 +√t2 + 12t)
t+ 6 +
√
t2 + 12t
(24)
The projetion of the phase diagram in the h−t plane is
presented in gure 7(), only for q=0.1, for sake of lear-
ness. Again, the dotted lines limit the stability regions of
the para and ferromagneti phases and the shaded area
represents the values of eld and temperature where the
two phases an oexist. Above ertain values of eld
and temperature h0q and t0q, the transition beomes se-
ond order and the harateristi eld hc varies linearly
with temperature, as given by Eq.18. The open irle
(t0q, h0q) divides the urve into the rst and seond or-
der phase transition regions, and travels along the dashed
urve aording to Eqs.16 and 17.
E. Generalized Landau Coeients
In this setion we derive the generalized oeients of
Landau theory of phase transitions
55
. Let us assume a
redued Gibbs free energy G = G/kT (1)C , and magnetiza-
tion m =Mq/µ. Thus, we are able to expand, for small
values of magnetization, the previously presented Gibbs
free energy (Eq.9), yielding:
G = Aq
2
m2 +
Bq
4
m4 +
Cq
6
m6 − hm (25)
5where,
Aq = 3
q
(t− q) (26)
Bq = 9(8q − 3− 4q
2)t
5q3
(27)
Cq = 27(54− 318q + 623q
2 − 464q3 + 116q4)t
175q5
(28)
Within the Landau theory, negative values of the oef-
ient B mean rst order transitions. In this diretion, an
obvious orrelation between the model here proposed and
the usual Landau theory is obtained, sine for q <1/2,
the generalized Landau oeient Bq also assume nega-
tive values, as skethed in gure 8. Note that for q <1/2
our model also predits rst order transition. Addition-
ally, still within the Landau theory, the parameterA usu-
ally takes the form A = a(T − T0) (Curie Law), and this
is exatly the relation found for the generalized Landau
oeient Aq (Eq.26 and skethed on the inset of gure
8), that represents the inverse of the generalized susep-
tibility (Eq.12).
It is well know
56,57,58
that, using the lassial formu-
lation of the Landau theory, or similar, a negative slope
of the isotherm plots h/m vs. m2 (Arrot Plot) would in-
diate a rst order phase transition. Thus, deriving the
minimum of the Gibbs free energy (dG/dm = 0), we an
express the h/m quantity as:
h
m
= Aq + Bqm2 + Cq(m2)2 (29)
As expeted, for q <1/2 the Generalized Arrot Plot has
a negative slope, indiating rst order transition, whereas
for q >1/2, these plots are straight lines, harateristi
of a ferromagneti seond order phase transition. These
features are presented in gure 9(a) and (b), for q >1/2
and q <1/2, respetively.
IV. CONNECTIONS TO EXPERIMENTAL
RESULTS
A. A Brief Survey
The experimental eld and temperature dependen-
ies of some manganites present interesting aspets.
Mira et al.
58,59
analyzed the harater of the phase
transition in La2/3(Ca1−ySry)1/3MnO3 and onluded
that for y=0 the magneti transition is of rst or-
der, whereas it is seond order for y=1. Other
works, inluding those using nulear magneti resonane
(NMR), support this result
60,61
. Amaral et al.
36,62,63
emphasized that La0.67Ca0.33MnO3, La0.8MnO3 and
La0.60Y0.07Ca0.33MnO3 exhibit rst order transition
harater, with additional hysteresis for elds below
than a ritial eld H<H∗c and temperature ranges be-
tween TC and a ritial temperature T
∗
C . For the last
manganite ited above, for instane, M(H) presents an
upward inetion point from TC=150 K up to 220
K, with a harateristi eld Hc(T), for the inex-
ion point, presenting an almost liner temperature de-
pendene. In addition, a large thermal hysteresis is
learly delimited for temperatures ranging from TC up
to the branhing point T
∗
C ∼170 K. Analogous behav-
ior are found in La0.67Ca0.33MnO3 and La0.8MnO3
62
,
Sm0.65Sr0.35MnO3
64
and Pr0.5Ca0.5Mn0.95Cr0.05O3
65
,
among others.
Another interesting feature on the magnetization be-
havior of some manganites onerns the H/M vs T mea-
surement, that presents a strong downturn for temper-
atures nearly above TC . It makes a deviation from
the simple Curie-Weiss law, and, at TC , the mag-
neti state is quikly swithed to a ferromagneti one.
Suh feature is frequently found in the literature of
manganites: La0.60Y0.07Ca0.33MnO3 and La0.8MnO3
63
,
Sm0.55Sr0.45MnO3
66,67
, La0.825Sr0.175Mn0.86Cu0.14O3
68
,
Ca1−xPrxMnO3 with x ≤0.169, among others.
However, even with the enormous quantity of experi-
mental measurements on manganites (see, for example,
the impressive review by Dagotto and o-workers
41
), the
nature of the phase transition in ferromagneti mangan-
ites is still a ontroversial issue. In this diretion, Amaral
et al.
62,63
laim for new models to explain the rst-seond
order harater of the transition in manganites, even with
the theoretial works developed by Jaime et al.
70
, Alonso
et al.
71
and Novák et al.
60
.
To inquire about the order of the phase transition and
desribe theoretially the behavior of the relevant mag-
neti quantities, Amaral and o-workers
62,63
used the
marosopi Landau theory of phase transition, expand-
ing the free energy up to sixth power of the magnetiza-
tion. If the parameter B (with respet to M4) is negative,
the transition an be rst-order like. In this ase, the
magnetization will present large eld yling irreversibil-
ity only for elds and temperatures below H
∗
c and T
∗
C ,
respetively. Further analysis of Landau theory, even
for B <0 and higher temperatures and magneti elds
(H>H
∗
c and T>T
∗
C), show that the magnetization has a
peuliar inexion point at a harateristi magneti eld
Hc, that inreases linearly with temperature, Hc(T)∝ (T-
T0). Mira et al.
58,59
have also applied the Landau theory
to manganites. However, the results of the Landau the-
ory are not suient to reprodue all peuliar magneti
properties of the manganites, suh as the anomalous be-
havior of the H/M vs. T quantity, presented on gure 5
and gure 12.
6B. Experimental and theoretial results for
La0.60Y0.07Ca0.33MnO3
A ferromagneti erami La0.60Y0.07Ca0.33MnO3 was
prepared by standard solid-state methods
63
, and the
magnetization was measured using a Quantum Design
SQUID magnetometer (55 kOe) and an Oxford Instru-
ments VSM (120 kOe).
In this setion we will apply the general results ob-
tained in the previous setions to a quantitative analy-
sis of experimental data for La0.60Y0.07Ca0.33MnO3. As
stated in setion III, we work within the mean-eld ap-
proximation, for whih x assume the expression:
x =
µ(H + λMq)
kT
(30)
where λ is the mean-eld parameter. Figure 10 presents
the measured and theoretial magneti moment as a fun-
tion of magneti eld, for several temperatures above TC .
The exellent experimental-theoretial agreement is due
to the use of the Tsallis statistis, whih parametrizes the
system inhomogeneity
41
.
Here, we use q, µ, λ and N , the number of lusters in
the sample, as free parameters. The magneti moment
µ of the lusters follows the usual temperature tendeny
of a para-ferromagneti transition, whereas q inreases
towards unity with inreasing temperature (gure 11).
The temperature dependene of the q parameter was ex-
peted, sine it should reah the unity for suiently high
temperatures.
From these results, we were able to ompare the
anomalous downturn in H/M vs. T urves, just with
the temperature dependene of q and µ, and the ap-
proximately onstant values of λ and N . The alulated
H/Mq vs. T urve is displayed in gure 12, with its or-
responding experimental value. One should stress that
the solid line in this plot does not inlude any other t-
ting parameter. The urve was alulated using only the
tted parameters obtained from Figure 10.
Additionally, Amaral and o-workers pointed out that
La0.60Y0.07Ca0.33MnO3
62
presents two dierent features
on the inetion point, at Hc, of its M vs. H urves:
(i) a linear temperature dependene of the harateristi
eld Hc, for T>T
∗
C , and (ii) an observed hysteresis for
temperatures in the range TC <T<T
∗
C . Figure 13 shows
the plot of Hc vs. T obtained from experimental data. It
is striking the similarity between this plot and the urve
shown in Fig. 7().
Finally, the Arrot Plots presented by Amaral et al.
62,63
and Mira et al.
58,59
are very similar to those presented
on gure 9(a)(b).
V. CONCLUSION
In two previous publiations
34,35
we presented evi-
denes that the magneti properties of manganites an be
suitably desribed in the framework of Tsallis statistis.
In the present paper we have extended our analysis and
presented new ompelling evidenes in this diretion by
deduing a magneti phase diagram whih mathes ob-
served experimental results on La0.60Y0.07Ca0.33MnO3,
along with some other magneti properties of this om-
pound. The interpretation of the entropi parameter q,
given by Bek and Cohen
49
, in terms of the ratio between
the mean and width of the temperature distribution in
the system, omes to support our proposal, sine man-
ganites have long been reognized as objets whose prop-
erties are dominated by intrinsi inhomogeneities
41,50,66
.
Suh a distribution an be translated as a distribution of
the magneti suseptibility, as pointed out by Salamon et
al.
51
, from whih a temperature dependene of q an be
expeted. Therefore, we onlude that the Tsallis nonex-
tensive statistis is a handy tool to study, lassify and
predit magneti and thermal properties of manganites.
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VII. FIGURE CAPTIONS
Figure 1. Gibbs free energy(Eq.9), within the mean eld
approximation and h =0, as a funtion of the redued mag-
netization. (a) For q >0.5 only one minimum is observed,
for any value of temperature (t>tc or t<tc), representing a
seond order phase transition for the magnetization. (b) For
q <0.5 and t=tc two degenerated minima are observed, rep-
resenting a rst order phase transition. The tSH and tSC
temperatures limit the 'superheating' and 'superooling' y-
le, responsible for the thermal hysteresis normally observed
in rst order transitions.
Figure 2. Temperature dependene of the redued equi-
librium magnetization for several values of q and h = 0. For
q <1/2 the transition shows a rst order harater, whereas
for q >1/2 the transition is of seond order type. Inset: Ther-
mal hysteresis normally observed in rst order phase transi-
tions, with the 'superheating' and 'superooling' yles.
Figure 3. Temperature dependene of the generalized
magneti suseptibility χq , and its inverse, for (a) q <0.5 and
(b) q >0.5.
Figure 4. Temperature dependene of the redued equilib-
rium magnetization for several values of h, and q =0.1. Su-
iently high magneti eld h ≥ h0q (Eq.16), is able to remove
the disontinuity in the equilibrium magnetization urve.
Figure 5. Temperature dependene of the quantity h/Mq,
for q =0.2 and h = 3h0q .
Figure 6. Magneti eld dependene of the redued equi-
librium magnetization for several values of temperature, and
q =0.1. It represents a genuine ferromagneti phase transi-
tion indued by magneti eld, in the paramagneti phase.
For suiently high temperatures t ≥ t0q (Eq.17), the transi-
tion beomes ontinuous.
7Figure 7. q−magneti phase diagram summarizing the
main properties found in the model. (a) Projetion of the
phase diagram in t− q plane. The solid lines divide the plane
in ferro (below) and paramagneti (above) phases, with a re-
gion of phase oexistene between the dotted lines (shaded
area). On the left side of the dashed line, the transition has a
rst order harater, whereas a seond order harater arises
for the right side. (b) Projetion of the phase diagram in h−q
plane, for several temperatures t>tc. The urves in this ase
have a omplete analogy to the previous one, however, it is
ferromagneti above the transition lines, sine it represents a
ferromagneti transition indued by magneti eld. () Pro-
jetion of the phase diagram in the h − t plane, for q =0.1.
Above ertain values of eld and temperatures h0q (Eq.16),
and t0q (Eq.17), the transition beomes seond order.
Figure 8. The generalized Landau oeient Bq as a fun-
tion of the entropi parameter q. For q <0.5, Bq assume
negative values, indiating rst order phase transition. Inset:
temperature dependene of the parameter Aq, that represents
the inverse of the generalized suseptibility.
Figure 9. The generalized Arrot Plot (h/m vs. m
2
urves), for (a) q >0.5 and (b) q <0.5.
Figure 10. Measured (open irles) and theoretial (solid
lines - Eqs.7 and 30) magneti moment as a funtion of mag-
neti eld, for several values of temperatures above TC=150
K.
Figure 11. Temperature dependene of the tting param-
eters, q and µ (see text).
Figure 12. Measured (open irles) and theoretial (solid
lines) values of the quantity H/M vs. T. The solid line in this
plot does not inlude any tting parameters, and was alu-
lated using only the tted parameters obtained from gure
10.
Figure 13. The linear temperature dependene, for
T>T∗C , of the harateristi eld Hc, whih orresponds to the
inexion point of the experimental M vs. H urves, measured
in La0.60Y0.07Ca0.33MnO3. For TC <T<T
∗
C the hysteresis is
indiated by the shaded area. It is striking the similarity be-
tween this experimental plot and the theoretial one, shown
in gure 7().
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